Renal proximal tubule cells from spontaneously hypertensive rats (SHR), compared with normotensive Wistar-Kyoto rats (WKY), have increased oxidative stress. The contribution of mitochondrial oxidative phosphorylation to the subsequent hypertensive phenotype remains unclear. We found that renal proximal tubule cells from SHR, relative to WKY, had significantly higher basal oxygen consumption rates, ATP synthesis-linked oxygen consumption rates, and maximum and reserve respiration. These bioenergetic parameters indicated increased mitochondrial function in renal proximal tubule cells from SHR compared with WKY. Pyruvate dehydrogenase complex activity was consistently higher in both renal proximal tubule cells and cortical homogenates from SHR than WKY. Treatment for 6 days with dichloroacetate, an inhibitor of pyruvate dehydrogenase kinase, significantly increased renal pyruvate dehydrogenase complex activity and systolic blood pressure in 3-week old WKY and SHR. Therefore, mitochondrial oxidative phosphorylation is higher in renal proximal tubule cells from SHR Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research, subject always to the full Conditions of use:http://www.nature.com/authors/editorial_policies/license.html#terms 
INTRODUCTION
Essential hypertension is a heterogeneous disorder in which both genetics and environmental factors contribute to increased cardiovascular and renal morbidity and mortality. 1, 2 The importance of the renal proximal tubule in the pathogenesis of hypertension, especially polygenic or essential, has recently being appreciated. 1, 3 Selective deletion in the renal proximal tubule of aromatic amino acid decarboxylase, the enzyme that converts L-3,4-dihydroxyphenylalanine to dopamine, causes salt-sensitive hypertension in mice. 4 Conversely, selective deletion of angiotensin type I A receptor in the renal proximal tubule reduces sodium transport in this nephron segment, decreases sodium balance, and protects against angiotensin II-and salt-induced hypertension in mice. 5 Renal proximal tubule cells and cortical homogenates from spontaneously hypertensive rats (SHR), compared with normotensive Wistar-Kyoto rats (WKY), have increased oxidative stress, 6, 7 which may contribute to the increased renal tubular sodium reabsorption. 1, 3, 6 The association of the increased activity of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase with hypertension is well established, 6, 8 but the importance of renal mitochondria-derived reactive oxygen species in hypertension has only recently been recognized. [9] [10] [11] Zhang et al 9 have reported that the mitochondrial respiratory chain is a major source of oxidative stress in mice with deoxycorticosterone acetate salt-induced hypertension. In stroke-prone SHR, the mitochondria-targeted antioxidant MitoQ10 protects against the development of hypertension. 10 The above reports suggest that mitochondrial reactive oxygen species are important in the development of hypertension.
The major function of mitochondria is to produce adenosine triphosphate (ATP) to supply energy for various cellular functions, with reactive oxygen species as by-products. The level of mitochondrial ATP production is often reflected by the mitochondrial oxygen consumption rate (OCR). 12 Previous studies have shown that renal proximal tubules from SHR have increased OCR compared with normotensive WKY, 13 however, the molecular mechanisms underlying this difference between WKY and SHR are not well understood.
The mitochondrial pyruvate dehydrogenase complex catalyzes the decarboxylation of pyruvate to acetyl-coenzyme A. 14 The reaction is regulated by reversible phosphorylation of the E1 subunit via pyruvate dehydrogenase kinase and dephosphorylation via pyruvate dehydrogenase phosphatase. 15 The activity of pyruvate dehydrogenase kinase is inhibited by pyruvate and its analogs. Dichloroacetate (DCA), a pyruvate analog and competitive inhibitor of pyruvate dehydrogenase kinase, is used widely to increase pyruvate dehydrogenase complex activity. 14 To explore the potential molecular mechanisms involved in the increased OCR and mitochondrial function in the SHR, we identified that increased activity of the pyruvate dehydrogenase complex contributes to the pathogenesis of hypertension in this animal model.
RESULTS

Characterization of renal proximal tubule cells in primary culture
We isolated proximal tubules from rat kidneys. The purity of renal proximal tubule cells in primary culture was determined by western blot and immunofluorescence. Contaminating renal cells derived from nephron segments distal to the proximal tubule were detected by antibodies against Na + -K + -2Cl -cotransporter (NKCC2, Slc12a1), Na + -Cl -cotransporter (NCC, Slc12a3), and epithelial sodium channel (ENaC, Scnn1) (Supplementary Figure S1a) . Immunofluorescence staining with sodium-glucose linked transporter 2 (SGLT2, Slc5a2) (Supplementary Figure S1b) showed that 92.3-96.0% of cells were positive for this renal proximal tubule cell marker. Although these cells were not 100% renal proximal tubule in origin, we refer to them as renal proximal tubule cells in primary culture for the purpose of this study.
Bioenergetic profiles of renal proximal tubule cells from WKY and SHR
Using the Seahorse Bioscience XF24 Extracellular Flux Analyzer, we studied the OCR response to several mitochondrial inhibitors, 16, 17 including oligomycin (ATP synthase inhibitor), carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP, uncoupler), rotenone (Complex I inhibitor), and antimycin A (Complex III inhibitor) in renal proximal tubule cells isolated from WKY and SHR (Supplementary Figure S2) .
Renal proximal tubule cells in primary culture from SHR, compared with normotensive WKY, displayed a distinct bioenergetic profile (Figure 1a ). Basal OCR was significantly higher in SHR than WKY (223.7±20.9 vs. 151.0±6.6 pmol/min per 20,000 cells, n=8-9, P<0.001) (Figure 1b) . ATP synthesis-linked OCR was also greater in SHR than WKY (75.6±7.5% vs. 60.1±4.4% of basal OCR, n=9, P<0.01) (Figure 1c ). FCCP increased OCR in cells from both rat strains, but the increase was greater in SHR than WKY (418.9±21.4 vs. 252.6±18.1 pmol/min per 20,000 cells, n=8-9, P<0.001) (Figure 1d ). Similar to the maximum respiration, the reserve respiration was greater in SHR than WKY (88.2±13.6 vs. 67.5±14.2% of basal OCR, n=8-9, P<0.05) (Figure 1e ). Proton leak-linked OCR tended to be lower in SHR than WKY (10.3±7.9% vs. 19.1±11.4% of basal OCR, n=8-9, P=0.08) (Figure 1f ) but non-mitochondrial respiration was similar (37.4±20.6 vs. 31.5±13.1 pmol/min per 20,000 cells, n=8-9, P>0.05) in the two rat strains (Figure 1g ). These results suggest that renal proximal tubule cells in primary culture from SHR have higher mitochondrial function than those from WKY. Similar distinct bioenergetics profile also exists in immortalized cells 18 from SHR, compared with WKY, with higher basal OCR, ATP synthesis-linked OCR, maximum respiration, and reserve respiration (data not shown). Of note, the mitochondrial inhibitors, in the concentrations used, had no effect on cell viability (Supplementary Figure S3) .
Glycolysis in renal proximal tubule cells from WKY and SHR
Both primary (Figure 2a ) and immortalized (data now shown) renal proximal tubule cells from SHR, relative to WKY, had higher basal extracellular acidification rate (ECAR) (9.29 ±1.5 vs. 2.94±0.7 mpH/min/20,000 primary cells, n=12-16, P<0.001), indicating greater anaerobic glycolysis. Inhibition of mitochondrial function by oligomycin, FCCP, and combination of rotenone and antimycin A increased ECAR in primary (Figure 2a ) and immortalized (data now shown) renal proximal tubule cells from both rat strains, but the increase was greater in SHR than WKY, indicating the potential for increased compensatory anaerobic glycolysis in SHR.
Although ECAR is reflective of the level of glycolysis, any metabolic acid secreted from cells contributes to the values of ECAR. 16 Therefore, we measured lactate production in whole kidney homogenates from WKY and SHR. As shown in Figure 2b , lactate production was higher in SHR than WKY, indicating higher glycolysis in former than in the latter rat strain.
ATP level in renal proximal tubule cells from WKY and SHR
Because the foregoing data suggested higher mitochondrial function in renal proximal tubule cells from SHR than those from WKY, we next measured the intracellular ATP concentration. As shown in Figure 3 , ATP levels were significantly higher in renal proximal tubule cells from SHR than those from WKY. The mRNA expressions of glyceraldehyde 3-phosphate dehydrogenase (GAPDH, a glycolytic protein in the cytosol), Complex III core 2 protein (a nuclear genome-encoded mitochondrial protein), and ATP synthase F 0 subunit 6 (a mitochondrial genome-encoded protein) were similar in renal proximal tubule cells in primary culture from these two rat strains ( Figure 4m ). The protein expression of Complex III core 2 subunit was also similar in immortalized renal proximal tubule cells from WKY and SHR (Figure 5b ).
Pyruvate dehydrogenase complex protein expression in renal proximal tubule from WKY and SHR
The increased oxidative phosphorylation and glycolysis in renal proximal tubule cells from SHR prompted us to explore the molecular mechanisms at the interface between glycolysis and oxidative phosphorylation. Pyruvate dehydrogenase complex is one such candidate that plays a crucial role in linking glycolysis and gluconeogenesis in the cytosol with the tricarboxylic acid cycle and subsequent oxidative phosphorylation in the mitochondria. 14, 15 We, therefore, measured the level of pyruvate dehydrogenase complex protein expression and activity in WKY and SHR. Compared with renal proximal tubule cells from WKY, the cells from SHR had higher E2/3 binding protein expression (Figure 5a ) while the protein expression of lactate dehydrogenase and Complex III core 2 subunit were similar in the cells from these two rat strains ( Figure 5b ).
We also measured pyruvate dehydrogenase complex protein expression in renal cortical homogenates from 3-8 week old WKY and SHR. Similar to the findings in the renal proximal tubule cells, the protein expression of E2/3 binding protein in renal cortical homogenates was significantly higher in SHR than WKY (Figure 5c ).
Pyruvate dehydrogenase complex activity in renal proximal tubule from WKY and SHR
The increased pyruvate dehydrogenase complex protein expression in SHR, compared with WKY, was associated with increased pyruvate dehydrogenase complex activity in renal proximal tubule cells To assess whether or not DCA, a pyruvate dehydrogenase kinase inhibitor, increased renal pyruvate dehydrogenase complex activity, pyruvate dehydrogenase activity was measured. As shown in Figure 6c , DCA increased the pyruvate dehydrogenase complex activity in kidney homogenates from both WKY (1.57±0.30 vs. 1.13±0.09 ΔmOD 450 /mg protein/min, P<0.05) and SHR (2.40±0.36 vs. 1.58±0.13 ΔmOD 450 /mg protein/min, P<0.05). Of note, pyruvate dehydrogenase complex activity which was higher in the basal state in SHR than WKY, remained higher after DCA treatment.
Blood pressure in DCA-treated young WKY and SHR
We next measured blood pressure in young WKY and SHR treated with DCA. Before DCA treatment, at age of 22 days, blood pressure was not different in WKY (92.7±2.6 vs. 93.6±2.4 mmHg, n=10-11, P>0.05) and SHR (100.2±4.5 vs. 100.6±4.4 mmHg, n=9-11, P>0.05). One-day of DCA treatment did not significantly change the blood pressure in both WKY and SHR. After 6 days of DCA treatment, systolic blood pressure, significantly increased in both WKY (101.2±2.6 vs. 112.6±1.9 mmHg, n=10-11, P<0.05) and SHR (112.3±2.3 vs. 126.8±4.0 mmHg, n=9-11, P<0.05) but continued to be higher in SHR than WKY ( Figure 7 ). Of note, systolic blood pressure was higher at age of 29 days in untreated SHR than WKY.
DISCUSSION
The SHR is one of the most extensively investigated animal models in the study of essential hypertension. 7, 18, [19] [20] [21] SHRs have slightly higher blood pressure than WKYs at birth but develop sustained hypertension after 8 weeks of age. [19] [20] [21] In the current study, using the tailcuff method, the blood pressure was significantly higher at 29 days of age in SHR as compared with WKY ( Figure 7 ). The causes of the hypertensive phenotype of the SHR are not well understood, but may be related to differences in the expression of several genes under genetic and epigenetic control. 22, 23 In the present study, we observed that renal proximal tubule cells from SHR, compared with WKY, had higher basal OCR (Figure 1 ), indicating higher oxygen expenditure, which is consistent with previous reports of increased oxidative metabolism and lower utilization efficiency of O 2 in renal cortical tubules from SHR. 12, 13 The higher ATP synthesis-linked OCR, maximum respiration, and reserve respiration (Figure 1 ) indicate increased mitochondrial function in renal proximal tubule cells from SHR, consistent with higher ATP production in these cells from SHR than those from WKY (Figure 3) . The stable phenotypic difference of OCR in renal proximal tubule cells between WKY and SHR, not caused by an increase in the amount or volume of mitochondria (Figure 4) , is probably related to an epigenetically or genetically programmed increase in sodium transport, or intrinsic genetic differences between these two rat strains. 22, 23 Fumarate, a tricarboxylic acid cycle product, is higher in the kidney of Dahl-salt sensitive than normotensive Brown Norway rats. 11 Succinate, another tricarboxylic acid cycle product, has been reported to increase blood pressure in Sprague-Dawley rats. 24 The increased energy metabolism in some hypertensive animal models 11, 24 is in contrast with reports that energy metabolism is impaired in other hypertensive animal models. 25, 26 The discrepancy may be caused by different tissue/organ specific protein-metabolite interaction 27 or different stages of development. 28 The increased oxygen consumption and energy metabolism in SHR are supported by the observation of increased pyruvate dehydrogenase complex activity in renal proximal tubule cells from SHR compared with WKY ( Figure 6 ). The pyruvate dehydrogenase complex catalyzes the conversion of pyruvate to acetyl-coenzyme A. 14, 15 Pyruvate, a critical substrate for energy metabolism, is derived mainly from glycolysis and catabolism of certain amino acids; acetyl-coenzyme A enters the tricarboxylic acid cycle for subsequent oxygendependent energy production through the electron transport chain. The higher ECAR levels and lactate production ( Figure 2 ) in renal proximal tubule cells from SHR, relative to WKY, and the increase in pyruvate dehydrogenase complex activity (Figure 6 ), indicate a higher rate of pyruvate flux into the tricarboxylic acid cycle, and subsequent increased oxidative phosphorylation in SHR. These differences in proximal tubule phenotype must reflect strainspecific changes in gene expression intrinsic to this tissue, as opposed to proximal tubule responses to cues from other parts of the body, because similar strain-specific metabolic changes were observed in primary proximal tubule cells, cortical homogenates, and immortalized cell lines from SHR versus WKY.
The role of energy metabolism in the pathogenesis of hypertension has not been widely appreciated. The finding that DCA increased pyruvate dehydrogenase complex activity ( Figure 6c ) and blood pressure ( Figure 7 ) in both WKY and SHR provides mechanistic evidence that increased activity of pyruvate dehydrogenase complex is a causal contributor to hypertension. Previous studies have shown that the young SHR has enhanced sodium transport in renal proximal tubules, relative to age-matched control WKY. [29] [30] [31] Presumably, the increased renal oxygen consumption in the SHR is the result of enhanced basal activity of pyruvate dehydrogenase complex (in association with other enzymes and substrates of energy metabolism), that facilitates the conversion of pyruvate to acetyl-coenzyme A and accelerates the activity of the tricarboxylic acid cycle and oxidative phosphorylation. An increase in glycolysis also provides more sources of fuel, e.g., pyruvate. A recent proteomic study 32 showed that voltage-dependent anion selective channel (VDAC) 2 protein expression was higher in salt-sensitive hypertensive than normotensive Brown Norway rats. The increase in VDAC 2 protein expression and activity could provide a mechanism for an increase in the flux of metabolites, including pyruvate from cytosol into mitochondria, 33, 34 which results in increased activity of the tricarboxylic acid cycle and mitochondrial energy metabolism. The increase in both oxidative phosphorylation and glycolysis results in enhanced ATP production to meet the energy demand for increased sodium transport (and possibly other solutes) in the proximal tubule (and possibly other nephron segments), which is consistent with previous studies showing that renal oxygen consumption for sodium transport is higher in SHR than WKY. 12 The increased renal pyruvate dehydrogenase complex activity in SHR, found in the current study, may be one mechanism that contributes to increased renal sodium transport and subsequent development of hypertension.
Another mechanism for the increased renal sodium transport and blood pressure in the SHR, that may be related to or independent of increased renal pyruvate dehydrogenase complex activity, is the increase in the production of reactive oxygen species. [6] [7] [8] [9] [10] [11] [35] [36] [37] For example, both NADPH oxidase-and mitochondria-derived reactive oxygen species are higher in kidneys of SHR than WKY. [6] [7] [8] [9] [10] [11] 37 DCA, which increases pyruvate dehydrogenase complex activity, has been reported to augment reactive oxygen species production in many cell types. 38, 39 The intravenous infusion of fumarate increases reactive oxygen species production in the renal medulla and exacerbates the salt-induced hypertension in Dahl saltsensitive rats. 11 The increase in reactive oxygen species production, per se or in association with the increase in renal sodium transport, could be another mechanism for the pyruvate dehydrogenase complex-mediated increase in blood pressure. However, additional investigations are needed for the direct proof of a role of pyruvate dehydrogenase complex on renal proximal sodium transport and blood pressure.
In summary, renal proximal tubule cells derived from young SHR, compared with normotensive WKY, have higher basal OCR, maximum and reserve respiration, and greater pyruvate dehydrogenase complex protein expression and activity and ATP production, which suggest greater mitochondrial function. DCA increases renal pyruvate dehydrogenase complex activity and blood pressure in both WKY and SHR, but both variables remain higher in SHR than WKY. The present study provides evidence of an altered bioenergetics profile and energy metabolism in renal proximal tubule cells from a hypertensive rat model, i.e., SHR, and suggests that the pyruvate dehydrogenase complex could be one of the genetic mechanisms that contribute to the pathogenesis of hypertension.
Animals
Male WKY and SHR were purchased from Charles River (Boston, MA) and had free access to food and drinking water. Study protocols and the use of the animals were approved by the NIDDK and the University of Maryland Animal Care and Use Committees.
Isolation of renal proximal tubule and cell culture
Rat renal proximal tubule segments were isolated from WKY and SHR as described previously. 7 The proximal tubule origin of cultured cells was characterized by their expression of proximal tubule marker proteins.
OCR and ECAR measurement
OCR and ECAR were measured by the Seahorse Bioscience XF24-3 Extracellular Flux Analyzer (Seahorse Bioscience), based on the fluorometric detection of O 2 and pH levels. 16, 17 Immortalized renal proximal tubule cells 18 were initially employed to obtain the optimal experimental conditions for rat renal proximal tubule cells.
Confocal immunofluorescence microscopy
Fixed renal proximal tubule cells in primary culture (Passage 3) on coverslips were stained with 3 μg/mL anti-SGLT2 IgG following with Alexa Fluor-488 anti-rabbit secondary antibodies.
Mitochondria in live renal proximal tubule cells in primary culture (Passage 3) were stained with MitoTracker Green (Invitrogen, Eugene, OR). The three-dimensional (3D) restoration and imaging analysis were conducted using the built-in ZEN 2011 software.
Electron microscopy
Transmission electron microscopy was performed as described previously. 40 Briefly, kidney tissue samples were fixed in 4F1G solution 40 for 24 hr and then postfixed in osmium tetroxide, dehydrated in graded alcohols, and embedded in epoxy resin. After the proximal tubules were identified in the thick sections, ultrathin sections were stained with 0.5% uranyl acetate and 1% lead citrate, mounted on grids, and examined on a JEM 1200 transmission electron microscope. Mitochondria were counted from fifteen to twenty randomly selected fields at 3,000× magnification from both WKY and SHR kidney tissues. Mitochondrial morphology was observed under 15,000× to 20,000× magnification.
Quantitative real-time PCR
Total RNA was extracted from renal proximal tubule cells in primary culture, using NucleoSpin RNA kit (Clontech, Mountain View, CA). Total RNA samples (1μg) were reverse-transcribed using GoScript reverse transcriptase (Promega, Madison, WI). The realtime PCR reaction containing SYBR Green PCR Master Mix was added in 10 μl per well in a 384-well optical plate, and was performed in the 7500 Real-time PCR System (Applied Biosystems). Data were analyzed using the comparative ΔCt method for calculating relative gene expression. 41 
ATP quantification
In vitro ATP concentration was measured using the ATP bioluminescence assay kit HS II (Roche Applied Science, Indianapolis, IN) following the manufacturer's instructions as described previously. 42 
Pyruvate dehydrogenase complex activity assay
In vitro pyruvate dehydrogenase complex activity was measured based on the reduction of NAD + to NADH, following the manufacturer's instructions. 43 NADH was measured spectrophotometrically at 450 nm at room temperature and the results expressed as change of absorbance per min per mg of protein.
Lactate measurement
In vitro lactate production of whole kidney homogenates from WKY and SHR was assayed spectrophotometrically at 450 nm at room temperature using a commercial lactate assay kit (BioVision, Mountain View, CA), following the manufacturer's instruction.
Blood pressure measurement
Fourteen day-old male SHR and WKY (as normotensive age-and sex-matched control) littermates were housed with their mothers in a facility accredited by the American Association for Accreditation of Laboratory Animal Care. At three-weeks of age, the littermates were weaned and caged individually. The littermates from both WKY and SHR were equally divided into two groups: Group 1, control rats (distilled water) and group 2, rats receiving DCA (0.75g/l) 44 in the drinking distilled water. Conscious rats were trained for non invasive blood pressure measurement at 37°C pre warmed platform, using the tailcuff method (BP-2000 system, Visitech, Apex, NC), daily for 5 days from 17 days to 21 days of age (Supplementary Figure S4) . After this training period BP reading were recorded and analyzed. For each blood pressure determination, twenty readings were obtained. The first 10 cycles were considered to be preliminary measurements and were not used for analysis; the remaining 10 readings, if obtained without technical problems such as excessive physical movements, were analyzed.
Statistical analysis
Data are presented as mean ± standard deviation (SD), unless stated otherwise. Significant differences between 2 groups were determined by Student's t-test. Significant differences among 3 or more groups were determined by factorial ANOVA, followed by NewmanKeuls test; P<0.05 was considered significant; analyses used SigmaStat 3.5 (SPSS Inc, Chicago, IL). Vehicle (Veh) or DCA was administered via the drinking water, which was changed every other day for 6 days. Systolic blood pressure (SBP) was measured by tail-cuff method. n = 9-11. *P < 0.05, *P<0.05 DCA vs. Veh, #P<0.05 SHR vs. WKY, ANOVA, Newman-Keuls test. Data are mean ± SEM.
